To date, few natural cases of RNA-silencing-mediated regulation have been described. Here, we analyzed repression of testis-expressed Stellate genes by the homologous Suppressors of Stellate [Su(Ste)] repeats that produce sense and antisense short RNAs. The Stellate promoter is dispensable for suppression, but local disturbance of complementarity between the Stellate transcript and the Su(Ste) repeats impairs silencing. Using in situ RNA hybridization, we found temporal control of the expression and spatial distribution of sense and antisense Stellate and Su(Ste) transcripts in germinal cells. Antisense Su(Ste) transcripts accumulate in the nuclei of early spermatocytes before the appearance of sense transcripts. The sense and antisense transcripts are colocalized in the nuclei of mature spermatocytes, placing the initial step of silencing in the nucleus and suggesting formation of double-stranded RNA. Mutations in the aubergine and spindle-E genes, members of the Argonaute and RNA helicase gene families, respectively, impair silencing by eliminating the short Su(Ste) RNA, but have no effect on microRNA production. Thus, different small RNA-containing complexes operate in the male germ line.
The silencing of genes by homologous double-stranded (ds) RNA (RNA interference [RNAi] ) was discovered in artificial systems where dsRNA is introduced by injection or by expression of transgenic constructs (11, 25, 43) . RNAi is widely used as a powerful technique for switching off specific genes and as a tool of whole-genome screening (12, 22) . The first case of natural dsRNA-mediated silencing was found in Drosophila melanogaster, where suppression of a euchromatic locus by homologous testis-expressed heterochromatic repeats has been shown to be necessary for male fertility (2, 26, 27) . In testes of wild-type males, hyperexpression of the X-linked Stellate genes is prevented by the closely homologous, bidirectionally transcribed, Y-linked Supressor of Stellate [Su(Ste)] repeats (2, 26) , and deletion of Su(Ste) leads to abnormalities of spermatogenesis (7, 35) .
Twenty-one-to 23-nucleotide (nt) short interfering (si) RNAs formed by processing of long dsRNA molecules by the RNase Dicer play a central role in dsRNA-mediated silencing (4, 46, 55) . siRNA is assumed to act as a guide for the RNase complex (RISC) that degrades homologous mRNAs (9, 17, 33) . microRNAs are involved in the control of expression of cellular genes (14, 19, 20, 29) . microRNAs are transcribed as precursors with a stem-loop structure that are processed by Dicer into single-stranded RNAs of a size similar to that of siRNA. Recent experiments suggest that siRNAs and microRNAs can be loaded into a common RISC (20, 28, 29, 32) . The Argonaute family of proteins represents the conserved core component of siRNA-and microRNA-containing complexes isolated from both D. melanogaster and mammals (18, 21, 29, 32) .
The repression of Stellate in D. melanogaster by the closely homologous Su(Ste) repeats shares a number of traits with artificial RNAi. Bidirectional transcription of Su(Ste) repeats leads to formation of short sense and antisense RNAs (2) . Derepression of Stellate occurs in aubergine (aub) and spindle-E (spn-E) mutants, genes that encode an Argonaute-family protein and a DExH RNA helicase, respectively (2, 40, 44) . Recently, a requirement for the Aub and Spn-E proteins for dsRNA-injection-provoked RNAi was shown in D. melanogaster embryos (23) . In the fission yeast, Schizosaccharomyces pombe, components of the RNAi machinery are involved in natural repression of centromeric heterochromatin, which contains remnants of transposable elements that are transcribed bidirectionally (51) . Short RNAs complementary to centromeric repeats have been found (38) , and mutations in genes encoding the Argonaute protein and the dsRNA-processing enzyme Dicer lead to derepression of centromeric repeats (15, 51) . Antisense transcription of Su(Ste) repeats in D. melanogaster is thought to be caused by a hoppel transposon insertion (2) . Thus, two systems of natural silencing, one in D. melanogaster and one in S. pombe, evolved as a result of heterochromatic genome rearrangements and use of the RNAi machinery.
Here, we extended the study of natural dsRNA-mediated silencing in D. melanogaster. Using in situ hybridization, we examined the order of steps that lead to Su(Ste) dsRNA formation. We found that (i) accumulation of antisense Su(Ste) RNA is followed by formation of dsRNA in the nuclei of spermatocytes at successive stages of spermatogenesis, (ii) mutations in the aub and spn-E genes lead to disappearance of short Su(Ste) RNA, but (iii) these mutations have no effect on microRNA formation, indicating that different protein complexes are involved in the formation of microRNA and Su(Ste) short RNA in testes. We also show that the Stellate promoter is dispensable for silencing and propose a posttranscriptional mechanism for Stellate repression.
MATERIALS AND METHODS
Reporter construct design. A plasmid template containing six full-length Ste genes was used for PCR amplification. For the Ste134mut-lacZ construct, the 134-bp Ste fragment was amplified by using a 5Ј-GAGTCTAGAGTTCCCATC TGGAAGGGCAT-3Ј and 5Ј-TAGGATCCATGTTGCCAGTTCTGATGTTC ACAGAAATATG-3Ј primer pair, digested with XbaI and BamHI, and ligated into the CaSpeR-␤-galactosidase (␤-Gal) vector (47) opened with XbaI and BamHI. For the ␤2tub-Ste-lacZ construct, the 592-bp Ste fragment was amplified by using a 5Ј-GAGAATTCATATTTCTGTGAACAAGTGAACTGGCA-3Ј and 5Ј-ACGGATCCAGGGGCGATCTCAAGTTCG-3Ј primer pair, digested with EcoRI and BamHI, and ligated into the CaSpeR-␤-Gal vector downstream of the previously cloned ␤2tub promoter. The selected clones were sequenced to confirm correct fusion.
Drosophila strains, transformation, and genetic crosses. P-element-mediated germ line transformation of Df (1)w 67c23 (2) , y embryos was performed according to standard protocol (39) . For remobilization of the P{Ste134mut-lacZ} element, the yw; Sb [2] [3] (3) . A plasmid template containing a full-length Stellate gene (1,150 bp) was used for PCR amplification to produce 631-bp PCR products containing a Stellate open reading frame and either T3 or T7 RNA polymerase promoter sequences. PCR products were cleaned before transcription, using a PCR purification kit (QIAGEN), and probes were transcribed by T7 or T3 RNA polymerase. About 1 g of template was used in a 10-to 20-l transcription reaction mixture with a nucleotide mix containing either digoxigenin (DIG)-UTP or biotin-UTP. The labeled RNA was partially hydrolyzed by incubation at 60°C in a 40 mM NaHCO 3 -60 mM Na 2 CO 3 solution. After neutralization and ethanol precipitation, RNA was dissolved in 20 l of water and 80 l of hybridization solution HS (50% formamide, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus0.015 M sodium citrate], 0.1% Tween 20, 5 mg of torula RNA/ml, 50 g of heparin/ml) was added.
Testes were dissected in 1ϫ phosphate-buffered saline (PBS), fixed for 20 min in 4% paraformaldehyde in 1ϫ PBS, washed three times for 5 min in PBT (1ϫ PBS, 0.1% Tween 20), treated with a solution of 50 g of proteinase K/ml in 1ϫ PBS for 8 min, washed with a solution of 2 mg of glycine/ml in PBT for 2 min and two times for 5 min in PBT, refixed for 20 min in 4% paraformaldehyde in 1ϫ PBS, and washed two times for 5 min in PBT and finally with 50% HS in PBT. After prehybridization in HS at 60°C for 1 to 3 h, samples were hybridized overnight at 60°C in 150 to 200 l of HS containing 2.5 to 5 ng of riboprobe/l. After hybridization, samples were washed three times for 30 min in HS at 60°C, 15 min in 50% HS in PBT at 60°C, two times for 15 min in 2ϫ SSC-0.1% Tween 20 at 60°C, two times for 15 min in 0.2ϫ SSC-0.1% Tween 20 at 60°C, and two times for 15 min in PBT at room temperature. Samples were incubated for 1 to 2 h in 1ϫ PBS-0.3% Triton X-100-1% bovine serum albumin-10% goat serum for blocking and in the same solution with antibodies for 1 h. The following antibody concentrations were used: 1:2,000 for anti-DIG-alkaline phosphatase (AP) (Roche), 1:50 for anti-rhodamine (Roche), and 1:500 for anti-biotin-fluorescein isothiocyanate (Vector). Samples were washed two times for 15 min in 1ϫ PBS-0.3% Triton X-100, once for 15 min in PBS-250 mM NaCl-0.2% NP-40-0.2% Tween 20, and two times for 15 min in 1ϫ PBS-0.3% Triton X-100.
For fluorescence detection, DNA was counterstained with 0.2 g of 4Ј,6Ј-diamidino-2-phenylindole (DAPI)/ml in PBT for 10 min, washed in PBT, washed in 1ϫ PBS, and mounted in 30 to 40 l of ProLong antifade (Molecular Probes). For AP reactions, samples were washed for 10 min in AP buffer (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris [pH 9.5], 0.1% Tween 20) and incubated with 1 ml of AP buffer with 20 l of nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) stock solution (Roche) added. Development of the reaction was observed visually, and the reaction was stopped after 0.5 to 1 h. Samples were washed two times for 3 min with PBT and mounted in 70% glycerol in 1ϫ PBS.
For DNA and RNA FISH experiments, images were acquired with a cooled charge-coupled device camera (Micromax YHS 1300; Roper Scientific) mounted on a DMRXA Leica microscope with a 100ϫ Plan/Apo objective (numerical aperture, 1.4) mounted on a Roper Scientific piezo electric z-axis actuator. For  Fig. 2 , single slices from z stacks were deconvolved by a Huygens MLE single-TIF procedure (Scientific Volume Imaging).
dsRNA processing in vitro. PCR products of the lacZ or Su(Ste) gene carrying T7 promoters on both ends were used as transcription templates. RNA was transcribed by using T7 RNA polymerase (Boehringer) according to the manufacturer's instructions. RNA was heated to 65°C for 10 min and then slowly cooled to room temperature for 1 h. Cell lysates of Schneider 2 cells were prepared as described previously (4) . To obtain testis extract, 50 testis pairs were dissected on ice in PBS solution and centrifuged at 6,000 ϫ g, PBS was removed, and an equal volume (25 l) of buffer was added (25 mM HEPES [pH 7.4], 100 mM CH 3 COOK, 2 mM MgCl 2 , 6 mM ␤-mercaptoethanol, 1 mg of AEBSF protease inhibitor and Complete protease inhibitor [Roche]/ml). Tissue grinder homogenization was followed by centrifugation at 20,000 ϫ g for 20 min. Internally [␣-
32 P]UTP-labeled dsRNA (50 nM) was incubated at 25°C for 1 h in a 50-l reaction volume containing 25 l of lysate, 1 mM ATP, 10 mM creatine phosphate, and 30 g of creatine phosphokinase/ml. Reactions were stopped by the addition of Trizol reagent (GIBCO BRL). RNA was isolated by using the standard Trizol protocol and was analyzed by electrophoresis in a 15% polyacrylamide gel. [␥-
32 P]ATP-labeled RNA size markers were prepared by using T4 polynucleotide kinase (New England Biolabs).
␤-Gal activity assay. Eight pairs of hand-dissected testes were added to 200 l of Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 0.35% ␤-mercaptoethanol). Testes were homogenized with a tissue grinder, and 100 l of 0.4% ONPG (o-nitrophenyl-␤-D-galactopyranoside) (Sigma) in Z buffer was added. Samples were incubated at 37°C for 3 h, and the reaction was stopped by adding 1 ml of 0.52 M Na 2 CO 3 . The extracts were centrifuged at 20,000 ϫ g for 1 min. ␤-Gal activity was calculated from absorbance measured at 420 and 550 nm.
Detection of Su(Ste) small RNA and X-Gal (5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside) staining of testes were performed as described previously (2) . The detection of miR-304 and miR-12 was carried out by hybridization (30) with the oligonucleotides CTCACATTTACAAATTGAGATTA and ACCAGTACC TGATGTAATACTCA, respectively, labeled with [␥-32 P]ATP, using T4 polynucleotide kinase (New England Biolabs).
RESULTS
Nuclear localization of Stellate and Su(Ste) transcripts in germ cells. To determine the subcellular localization of Stellate and Su(Ste) transcripts, we used in situ hybridization with sense and antisense Stellate single-stranded RNA probes. These probes hybridize to both Stellate and Su(Ste) RNAs due to a high level of sequence identity between them. The specificity of hybridization was first tested by DNA FISH to salivary gland polytene chromosomes and to embryonic interphase nuclei (data not shown). The probe produces a single signal on polytene chromosomes at 12D on the X chromosome, where the euchromatic Stellate locus is located. Because heterochromatin is underrepresented in polytene chromosomes, the Y-linked Su(Ste) locus and the second X-heterochromatin Stellate locus are not detected. Hybridization to embryonic interphase nuclei, in contrast, yields two signals in nuclei of female embryos and three signals in male nuclei. These results are consistent with hybridization with the two X-linked Stellate loci (in the euchromatin at 12D and in the heterochromatin at h26) and the Y-linked Su(Ste) locus. Since females carry two X chromosomes that are paired in most somatic nuclei in embryos at this developmental stage, two signals per nucleus are expected, while in males a third signal corresponds to the Su(Ste) locus located on the Y chromosome.
RNA in situ hybridization with single-stranded probes was
done on dissected testes, using the same sequences as for the DNA probe described above. D. melanogaster testes are composed of male germ cells in successive stages of spermatogenesis and several types of somatic cells. We detected abundant antisense transcripts in early and mature primary spermatocytes. In early primary spermatocytes of wild-type males, the antisense RNA had a diffuse nuclear localization ( Fig. 1 and  2a) . DNA counterstaining by DAPI showed that the antisense signal corresponds to the non-DAPI-stained nuclear region (Fig. 2a) Fig. 1 and 2a) . No signal above background was seen in the cytoplasm of wild-type males. In contrast, when silencing was relieved in cry 1 Y males, the sense RNA was detected as a strong and dispersed signal in the cytoplasm of mature primary spermatocytes. No sense RNA was detected in the nuclei of cry 1 Y males (Fig. 1) . Thus, sense transcripts appear after antisense RNAs and are localized as compact dots in nuclei of mature primary spermatocytes of wild-type males but are found in the cytoplasm when silencing is relieved.
We have ruled out the possibility that the sense and antisense RNA signals in nuclei of mature primary spermatocytes arise from DNA hybridization: no signals are detected in somatic cells, and RNase treatment of fixed testes before hybridization eliminates the signals. Simultaneous detection of sense and antisense RNAs demonstrates that the sense and antisense transcripts are colocalized in nuclei of wild-type mature primary spermatocytes (Fig. 2b) . This suggests that the sites where sense and antisense transcripts colocalize might represent nuclear sites of dsRNA formation.
The short Su(Ste) RNA detected in vivo is longer than siRNAs. Stellate silencing has been shown to be associated with the presence in testes of a homologous short 25-to 27-nt RNA that is likely processed from Su(Ste) dsRNA. The short Su(Ste) RNA is longer than canonical siRNA (21 to 23 nt) and endogenous microRNAs (21 to 24 nt) processed from hairpin precursors in D. melanogaster (1) . This apparent size difference is not a technical artifact caused by decreased RNA mobility because of a high concentration of total RNA in the samples (data not shown), nor is the length of the short RNA related to some peculiarity of the Su(Ste) RNA sequence. In vitro-syn- thesized Su(Ste) dsRNAs incubated with a cell culture extract are processed into fragments of the same size (21 to 23 nt) as lacZ dsRNA (Fig. 3a) rather than the 25 to 27 nt of endogenous Su(Ste) short RNA (Fig. 3b) . Thus, both Stellate and Su(Ste) dsRNAs are processed in vitro into fragments of canonic siRNA sizes, while the in vivo product is longer. The same result was obtained using testis extract (Fig. 3a) . It cannot be excluded that specific processing occurs only in germ cells, whereas siRNAs of standard size are produced in the somatic cells. However, the complete absence of longer products in testis extract-treated RNA is in conflict with this explanation. The Aub and Spn-E proteins are required for the presence of Su(Ste) short RNA in vivo but are dispensable for dsRNA processing in vitro. Stellate derepression in the presence of an intact Su(Ste) locus has been observed as a result of mutations in the aub and spn-E genes, which encode an Argonaute family protein and a DExH RNA helicase, respectively (2, 40, 44) . The Stellate derepression caused by mutation was not a result of lack of Su(Ste) antisense transcription (2) . Both aub and spn-E are required for artificial RNAi in oocytes and embryos (23) . spn-E mutation also leads to an increased steady-state level of several retrotransposon transcripts in the germ line (2, 44) . We tested for the presence of Su(Ste) short RNA in testes of aub and spn-E mutant males. Su(Ste) short RNAs of both polarity are absent in total testis RNA isolated from homozygous aub and from homozygous spn-E males (Fig. 4a) . This observation supports the correlation between Stellate silencing and the presence of short RNAs and implicates the Aub and Spn-E proteins in the formation and/or stabilization of the short RNAs. We have also investigated the effect of the aub and spn-E mutations on the expression of microRNA in testes. The expression of two microRNAs (miR-304 and miR-12) is FIG. 2. FISH detection of sense and antisense transcripts in wildtype spermatocytes. (a) Sense and antisense RNAs in the nuclei of early (EPS) and mature (MPS) primary spermatocytes of wild-type males. DIG-labeled probes were visualized by using rhodamine-coupled antibodies (red); DNA was stained with DAPI (blue). Staining in the cytoplasm is due to tissue autofluorescence. (b) Simultaneous detection of sense and antisense transcripts in mature primary spermatocyte nuclei. The DIG-labeled probe for sense RNA was visualized with rhodamine-coupled antibodies (red), and the biotin-labeled probe for antisense RNA was visualized with fluorescein isothiocyanate-coupled antibodies (green). DNA was stained with DAPI (blue). Images obtained from separate channels (upper line) and the composite image (bottom) are shown.
FIG. 3.
Sizes of short RNAs produced by dsRNA processing in vitro and detected in vivo. (a) Twenty-one-to 23-nt RNA fragments of lacZ and Su(Ste) are produced by dsRNA processing in cell culture and testis extracts. In vitro-synthesized, uniformly labeled lacZ or Su(Ste) dsRNAs were incubated with cell culture or testis extracts, and RNAs were isolated and separated on a 15% denaturing acrylamide gel. Total testis RNA from wild-type males was separated in parallel. 32 P-labeled RNA oligonucleotides were used as size markers. (b) The same gel was electroblotted to a membrane and hybridized with a Su(Ste) probe to detect the 25-to 27-nt Su(Ste) RNA in the total testis RNA preparation. Hybridization also increased the strength of signals from the in vitro-synthesized Su(Ste) dsRNA.
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NATURAL RNA SILENCING IN THE DROSOPHILA GERM LINE 6745 increased in testes as compared to somatic tissues (data not shown). However, the amounts of both microRNAs were not affected by the aub and spn-E mutations ( Fig. 4b ; data not shown). Thus, different sets of proteins are involved in the expression of Su(Ste) short RNA and microRNAs in testes.
To analyze the role of Aub and Spn-E in dsRNA processing in vitro, 32 P-labeled Su(Ste) dsRNA was incubated with mutant testis extracts. Normal processing of dsRNA into 21-to 23-nt siRNA was observed in testis extracts obtained from both aub and spn-E males (Fig. 4c) , suggesting that the proteins are not directly involved in dsRNA cleavage even though they are required for in vivo production of the 25-to 27-nt Su(Ste) RNA.
Disruption of homology to Su(Ste) repeats in the transcribed region of the Stellate gene relieves silencing of reporter constructs. Stellate silencing may be investigated by using reporter constructs that include Stellate sequences fused to lacZ (2). The Ste134-lacZ construct contains 134 bp of the Stellate gene, including 104 bp of nontranscribed sequence followed by 30 bp from the 5Ј-UTR of the first Stellate exon (Fig. 5a ). This fragment drives Su(Ste)-dependent lacZ expression in testes (2) . Assuming a posttranscriptional mechanism of silencing, only 30 bp of this sequence represents a target for homologous recognition and degradation. We substituted three sequential nucleotides located in the middle of the 30-bp sequence (ϩ16 to ϩ18 with respect to the transcription start) to produce the Ste134mut-lacZ construct (Fig. 5a ). This mismatch may prevent the complementary interaction between Stellate and Su(Ste) short RNAs. Measurement of ␤-Gal activity in testes of wild-type males carrying this mutated construct showed a considerable (two-to fivefold for different stocks) increase of lacZ expression compared to that in males with the ancestral Ste134-lacZ construct (Fig. 5b) . In contrast, the expression level was roughly the same for both constructs in cry 1 Y males, suggesting that mutation does not lead to Su(Ste)-independent promoter activation. Thus, local perturbation of complementarity in the transcribed region between the Stellate transcripts and the small Su(Ste) RNA results in a relief of silencing similar to that produced by cry 1 Y deletion. To test whether the Stellate promoter is necessary for Su(Ste)-dependent repression, we used a ␤2tub-Ste-lacZ construct. This transgene contains an almost complete Stellate open reading frame fused to the lacZ gene under control of the heterologous ␤2-tubulin promoter (Fig. 5a ), which provides strong constitutive expression in male germ cells. Weak lacZ expression was observed in testes of wild-type males. In cry 1 Y males, however, strong staining was detected in all but the tip of the testes, as expected for ␤2-tubulin-driven expression (Fig. 5c) . In other words, a construct carrying a heterologous promoter that contains only Stellate coding sequence is still repressed by Su(Ste). Hence, the nontranscribed promoter region of Stellate appears to be dispensable for repression, supporting a posttranscriptional mechanism of Stellate silencing.
DISCUSSION
Here we present studies of natural RNA silencing of the X-linked Stellate repeats. Silencing of Stellate repeats in the D. melanogaster germ line is required for male fertility and is mediated by an interaction with the homologous heterochromatic Y-linked Su(Ste) repeats. Natural RNA silencing associated with the presence of short RNA may be a common factor in the control of heterochromatin functions. In S. pombe long dsRNA produced from centromeric repeats is processed into short RNAs that guide the initiation of heterochromatin formation (38, 50, 51) . Various types of transposable elements that make up a considerable part of the heterochromatin in higher eukaryotes have been shown to be repressed by an RNA-silencing mechanism (1, 8, 24, 45, 48, 53, 56) . As a first step in dissecting the Stellate silencing mechanism, we have examined the processing and distribution of Stellate and Su(Ste) RNAs.
Nuclear step of dsRNA maturation. Our group has previously shown that Stellate gene transcription yields only sense transcripts, while Su(Ste) repeats yield both sense and antisense transcripts. We have also observed that expression of Stellate and sense Su(Ste) transcripts is repressed in wild-type males but that antisense Su(Ste) transcripts escape silencing despite their complementarity to short RNAs (2). Here, we showed that antisense RNAs accumulate in the nucleoplasm and are not transported into the cytoplasm. This result supports our earlier proposal that nonpolyadenylated antisense RNAs escape the cytoplasmic degradation machinery because they are sequestered in the nucleus (2) .
Sense transcripts are localized in nuclei of mature wild-type primary spermatocytes. In cry 1 Y males, in which the Stellate genes are derepressed, these transcripts are found only in the cytoplasm. These results correspond to the accumulation of the Stellate-coded protein as crystalline aggregates in the cytoplasm of mature primary spermatocytes of cry 1 Y males (7). The total amount of Stellate and Su(Ste) sense transcripts is greatly increased in cry 1 Y males (2, 7, 35) . The absence of a nuclear signal in cry 1 Y males, contrasted with the presence of sense transcripts in wild-type nuclei, therefore suggests that these transcripts are never released from the wild-type nucleus. Nuclear retention of sense transcripts in the wild type might be explained by the interaction between sense and antisense transcripts. Nuclear localization of sense and antisense transcripts has also been observed for bidirectionally transcribed white transgenes, which induce RNAi of the endogenous white gene (13) .
The distinct sharp dots observed in the nuclei for both sense and antisense RNAs in mature primary spermatocytes may correspond to the accumulation of the native transcript at the sites of transcription. The signals are often located at the border between the chromatin (DAPI stained) and the nucleoplasmic areas of the nucleus, where actively transcribed loci are thought to be located. Restricted nuclear signals corresponding to the sites of transcription have been observed for a number of genes (52) , whereas transcripts in the process of export from the nucleus are usually below the detection sensitivity of the standard in situ hybridization technique. The colocalization of the sense and antisense transcripts suggests the formation of dsRNA in the nucleus, thus placing the initiation of Stellate silencing in the nucleus. We propose that these nuclear dsRNA species may involve hybrids between sense and antisense Su(Ste) transcripts, as well as between sense Stellate and antisense Su(Ste) transcripts, and that these hybrids are essential for Stellate silencing by Su(Ste). (4, 9) . Furthermore, investigation of the functional anatomy of chemically synthesized siRNAs in embryo extracts defined the optimal length of siRNAs as 21 to 23 nt, while RNAs longer than 24 nt have practically no cognate-mRNA cleavage activity (10) . It has been proposed that only RNAs that meet this size requirement can be loaded into the RISC. However, examples of the existence of two size classes of short RNAs (21 or 22 nt and 24 to 26 nt) involved in silencing have also been reported. Two different size variants of short RNAs were observed during artificial silencing in plants, with the short variant responsible for posttranscriptional gene silencing and the long one most likely participating in DNA methylation and spreading of the silencing signal (16) . Furthermore, only RNAs from the long class have been detected that correspond to endogenous plant transposable elements. Two size classes of short RNAs are produced from dsRNA in plant extracts, and the activity of different Dicer proteins was shown to be responsible for producing each class (46) . Cloning of endogenous short RNAs from D. melanogaster has also identified two size classes of short RNAs, with the short class (21 to 23 nt) including microRNAs and the long class (24 to 26 nt) comprising sequences derived from transcripts of transposable elements and other repetitive heterochromatic sequences (1) .
The larger size of the short Su(Ste) RNA may be explained by specific sequences affecting dsRNA processing by Dicer or by the presence in testes of specific factors that change the cleavage interval of dsRNA. However, we find that exogenous Su(Ste) dsRNA is cleaved into 21-to 23-nt siRNA in testis extracts, most likely reflecting the activity of the same Dicer protein that acts in somatic tissues. We favor the hypothesis that the 25-to 27-nt Su(Ste) RNAs detected in vivo are produced by a mechanism at least partially different from conventional siRNA production. A clue to the origin of the short Su(Ste) RNAs comes from the finding that Su(Ste) dsRNA formation occurs in the nucleus, unlike that of artificial RNAi, in which dsRNA is believed to be processed in the cytoplasm (5) . Both conventional-size siRNA and a longer short RNA have been observed during viroid replication in the plant nucleus (36) . Two size classes of short RNAs may be produced in D. melanogaster by different Dicer proteins, as has been demonstrated in plants (46) . Alternatively, specific nuclear factors may affect how a single Dicer protein processes dsRNA in the nucleus.
Role of Aub and Spn-E in formation of short RNAs. We observed that mutations in the aub and spn-E genes lead to elimination of short Su(Ste) RNA in testes. However, neither mutation affects processing of exogenously provided dsRNA to 21-to 23-nt siRNA in testis extracts. It has been observed that both aub and spn-E mutations block RNAi in oocytes produced by injected dsRNA (23) . The authors proposed that both proteins affect RNAi because of their involvement in translational control, but our results suggest that Aub and Spn-E may be involved in the production and/or stabilization of siRNA. Similarly, the rde-1 and mut-7 genes of Caenorhabditis elegans are required for the production of siRNA in vivo but are dispensable for dsRNA processing in vitro (37, 48) . The authors showed that the corresponding proteins are required for long-term stabilization of siRNA rather than for dsRNA processing.
The aub and spn-E mutations eliminate the short Su(Ste) RNA without affecting the abundance of two different microRNAs in testes. We propose that distinct protein complexes mediate production and/or stabilization of short Su(Ste) RNA and microRNAs in testes. Similarly, different members of the Argonaute family participate in artificial RNAi and in microRNA processing in C. elegans and plants (5, 16) , despite the central role of Dicer in both processes (6, 14) .
Mechanism of Stellate repression. Homologous silencing mediated by short RNA may occur by posttranscriptional degradation of mRNA (49, 54) and by DNA and chromatin modification leading to transcriptional repression (16, 41, 56) . The nuclear antisense RNA accumulation and dsRNA formation that we have found raises the question of whether posttranscriptional or transcriptional mechanisms of silencing operate in Stellate repression. For animals, it is generally believed that artificial RNAi caused by dsRNA leads to posttranscriptional degradation of mRNA. However, it has been shown that dsRNA or short RNA can affect transcription and chromatin structure of homologous sequences in plants and Saccharomyces cerevisiae (30, 51, 56) . In plants, for example, transcriptional silencing of reporter constructs can be caused if the dsRNA produced by hairpin constructs or virus infection is homologous to the untranscribed promoter region of the target gene, while posttranscriptional degradation of the corresponding mRNA occurs if there is homology between the dsRNA and the transcribed sequence (30, 31) .
We have observed that constructs containing the Stellate coding sequence driven by a heterologous promoter are regulated by Su(Ste) repeats in the same manner as native Stellate genes or reporter constructs with Stellate sequence fused to lacZ. In contrast, expression of the endogenous ␤Nac-like genes, having a putative promoter region with high levels of sequence similarity (95%) to Stellate but an unrelated transcribed sequence, shows no response to the deletion of Su(Ste) (L. Usakin and G. L. Kogan, unpublished results). In the present study, we also found that nucleotide substitutions in the transcribed region of a Stellate fragment homologous to the Su(Ste) sequence lead to a release of silencing. Thus, homology to Su(Ste) in the untranscribed region is dispensable for repression, while local disturbance of complementarity in the transcribed sequence impairs silencing. We cannot rule out the possibility that regulatory sequences important for transcriptional silencing may be present in the transcribed region, but our results are more simply explained by a posttranscriptional Stellate silencing mechanism. 6748 ARAVIN ET AL. MOL. CELL. BIOL.
The two blocks of tandemly repeated Stellate genes are located in intercalary and constitutive heterochromatin of the X chromosome (27, 42) , and Su(Ste) repeats are located in the heterochromatic Y chromosome. siRNA-mediated transcriptional repression of centromeric heterochromatin repeats has been recently demonstrated in S. cerevisiae (51) . Our results do not exclude participation of transcriptional repression of genomic Stellate repeats acting in concert with a posttranscriptional mechanism. Similarly, both transcriptional and posttranscriptional mechanisms have been shown to operate in the repression of multicopy transgenes associated with the presence of homologous short RNA in D. melanogaster (34) . Thus, both transcriptional and posttranscriptional mechanisms might act in Stellate silencing, and further studies will be directed to understanding the contribution of each of them.
